In photopolymerization systems, "shadow cure" may be defined as polymerization which extends into regions which are not illuminated by the incident initiating light source. The objective of this study is to evaluate the use of fluorescent additives for polymerization in masked regions that are unilluminated by the incident initiating light. Two different fluorescent dyes are investigated: fluorescein (FL) and eosin Y spirit soluble (EYss). A systematic series of studies was performed to characterize the effects of fluorescence intensity, the incident light intensity, and the presence of a diphenyl iodonium salt on the observed degree of shadow cure. It was concluded that shadow cure may be enhanced if one or more fluorescent compounds emit fluorescent light at wavelengths absorbed by the dye in a two-or three-component photoinitiator system. The addition of DPI to the two-component systems containing MDEA and FL or EYss led to a significant enhancement in the observed shadow cure. This result was attributed to the fact that DPI will increase both the number of active centers and the mobility of the active centers as a result of the electron transfer reactions in which it participates.
Introduction
Photopolymerization has received considerable attention due to its environmental and processing advantages [1, 2] . Compared to traditional thermal polymerization processes, light-induced polymerization offers reduced volatile organic compound emissions, lower energy requirements, and shorter cure times. Furthermore, light sources are generally much more compact than ovens and autoclaves used for thermal cure. For these reasons photopolymerization can be used not only for the replacement of conventional thermal processes but also for new systems and applications. In addition, the recent development of initiators for visible-light-induced photopolymerization enables processes based upon inexpensive light sources and lower energy photons which are not damaging to biological tissues and cells. Due to these advantages, visible-light-induced photopolymerization has been employed for various applications including coatings, adhesives, and printing. Despite these advantages, the inability to cure shaded regions which are inaccessible to the initiating light is a limitation for many applications. If this disadvantage is overcome a number of new applications of photopolymerization could emerge, such as three-dimensional adhesives [3] , optical impact films [4] , solar-light-induced coatings, and pigmented systems.
In photopolymerization systems, "shadow cure" may be defined as polymerization which extends into regions which are not illuminated by the incident initiating light source. Dual-cure systems containing both photoinitiators and thermal initiators for thick shadow cure are well known [5, 6] ; however, shadow cure in systems containing only photoinitiators has only recently been reported by Ficek et al. [7] . These authors demonstrated cationic photopolymerizations of thick systems in which polymerization could occur in shadow regions due to the mobility of the long-lived cationic active centers. Although this method could be attractive for some systems and applications, it has a number of limitations. It may only be applied to cationically polymerizable monomers, exhibits relatively slow cure rates compared to free radical systems, and the photo-generated protons may be corrosive to electronic devices. Therefore, in this contribution, shadow cure in free radical photopolymerizations initiated using two-component and three-component photoinitiators is investigated. Multicomponent photoinitiator systems are commonly employed for visible-light-induced photopolymerization. The energy of a visible photon is generally lower than the bond dissociation energy of most organic molecules; therefore visible-light-induced photoinitiator systems are primarily two-component photoinitiator systems in which the active centers are produced via an electron transfer followed by a proton transfer from the electron donor (typically an amine) to the excited photosensitizer [1] . Many dyes and other compounds that absorb in the visible range have been used as the photosensitizer in this type of system, including camphorquinone, (thio)xanthone derivatives, (thio)xanthene derivatives, and ketocoumarin derivatives [8] [9] [10] [11] [12] [13] . In order to enhance the electron transfer system by adding other reaction schemes including diphenyl iodonium chloride (DPI) into these two-component photoinitiator systems, three-component photoinitiator systems have been developed and investigated as well [14] [15] [16] [17] [18] [19] [20] [21] [22] .
The objective of this study is to evaluate the use of fluorescent additives for polymerization in masked regions that are unilluminated by the incident initiating light. In this method, the absorption of light by the dye molecules leads to emission of fluorescent light at a longer wavelength in all directions. Therefore, careful selection of the combination of the incident wavelength, the fluorescent additive, and the photosensitizer can lead to effective illumination and polymerization in shaded regions that are inaccessible to the incident light source. In this study, two different fluorescent dyes are investigated: fluorescein (FL) and eosin Y spirit soluble (EYss). Each of these dyes may form free radical active centers in two-component initiator systems containing Nmethyldiethanolamine (MDEA) or three-component initiator systems containing MDEA and DPI. A systematic series of studies was performed to characterize the effects of fluorescence intensity, the incident light intensity, and the presence of a diphenyl iodonium salt on the observed degree of shadow cure.
Experimental

Materials.
A monomer mixture of 50 wt% 2-hydroxyethyl acrylate (Sigma-Aldrich) and 50 wt% 1,6-hexanediol diacrylate (Sartomer) was used in these experiments. This monomer mixture was selected because it dissolves photoinitiators well and leads to a rigid, highly crosslinked polymer. The multicomponent photoinitiator system materials FL, EYss, benzophenone (BP), MDEA, and DPI were obtained from Sigma-Aldrich. The molecular structures are displayed in Figure 1 . The dyes chosen for this study have potential for fluorescence-derived shadow cure since there is overlap between the absorbance and emission spectra. For example, the fluorescein absorbance and emission spectra overlap at wavelengths between 475 nm and 510 nm, and the eosin Y absorbance and emission spectra overlap at wavelengths between 500 nm and 550 nm. At dye concentrations higher than 10 −5 M, the dyes exist primarily as dimers, and the dimer formation is evident from the UV-visible absorption spectrum. For example, in the spectrum of fluorescein, the unassociated dye exhibits its maximum absorbance at a wavelength of 480 nm, and the formation of the associated dye (dimer) leads to appearance of a blue shift with a maximum absorbance at 451 nm [23] . Similarly, in the spectrum of eosin Y, the unassociated dye exhibits its maximum absorbance at a wavelength of 533 nm, and the formation of the associated dye (dimer) leads to appearance of a minor blueshifted contribution at 495 nm [23] [24] [25] . At the concentration used for the shadow cure experiments (1.15 × 10 3 M), the maximum molar absorption coefficients (Napierian molar absorptivity) are 1,144 L/mol-cm at 451 nm wavelength for FL and 28,918 L/mol-cm at 533 nm wavelength for EYss. 
Figure 2: Schematic of the experimental geometry for the shadow cure studies. The mask was a 500 µm thick steel plate with a 6 mm diameter hole through which the monomer mixture was illuminated from above. After illumination of the prescribed duration, Raman microscopy was used to collect line (x-direction) and depth (z-direction) conversion profiles through the quartz cover slip on the bottom of the sample. Benzophenone has relatively low absorptivity above 300 nm wavelength and its molar absorption coefficient at 350 nm wavelength is 232 L/mol-cm. Note that MDEA and DPI absorb only in the deep ultraviolet region of the spectrum and do not affect the absorption profile for wavelengths above 300 nm.
Shadow Cure via Photopolymerization.
Shadow cure experiments were performed in the simple reaction geometry shown in Figure 2 . The mask was a 500 µm thick steel plate with a 6 mm diameter hole through which the HEA-HDDA monomer mixture was illuminated using a 150 W xenon lamp (MAX-150, Asahi Spectra). The emission spectrum of this lamp is illustrated in Figure 3 . Various multicomponent photoinitiator systems including dye/amine systems and dye/amine/DPI systems were used to photopolymerize 100 µm thick HEA-HDDA monomer films. The compositions of the photoinitiator systems are summarized in Table 1 . The monomer mixture containing the photoinitiator was sandwiched between a steel plate on the top surface and a quartz cover slip on the bottom surface. A 100 µm thick spacer (PET film) was used to ensure a uniform film thickness for all experiments. The hole in the steel plate was capped by a 37 µm thick PET film to avoid the influence of oxygen inhibition. Finally, the entire system was placed on a black stage to minimize reflection from the bottom and was illuminated from the top down for fifteen minutes. The xenon lamp emits in a broad region between 350 nm and 760 nm, and the total incident light intensity was measured by a USB 4000 UV-VIS fiber optic spectrometer (Ocean Optics). The total intensity was varied by controlling the distance between the xenon lamp and the surface of the mask. This distance was 10 cm for an incident light intensity of 89 mW/cm 2 and as 2.5 cm for an incident light intensity of 1.0 W/cm 2 .
Characterization of Shadow Cure.
The monomer conversions in the shadow regions behind the steel plate were investigated through a quartz cover slip. As shown in Figure 2 , the line (x-direction) and depth (z-direction) conversion profiles of the cured samples were measured using Raman microscopy. Raman spectra of the samples were collected using a Leica DLILP optical microscope with confocal optics attached to the modular Raman spectrograph (HoloLab 5000R, Kaiser Optical Systems, Inc) equipped with a 785 nm laser [26] [27] [28] . Note that the 785 nm laser does not cause photopolymerization for all samples. A combination of 785 nm single-mode excitation fiber, 100 µm co11ection fiber, and 100x objective with numerical aperture equal to 0.9 was employed in the measurement. The laser intensity through the 100x lens was 7-12 mW/cm 2 , measured by a laser power meter. For each measurement, the exposure time was set to 20-60 seconds with one accumulation in order to optimize the signal-noise ratio. The reactive C=C peak at 1640 cm −1
and an unchanging reference peak at 1720 cm −1 (attributed to the C=O carbonyl stretch) were monitored to determine the acrylate conversion. The conversion was calculated using the ratio of reactive (A rxn ) peak and internal reference (A ref ) peak areas:
where "u" refers to unpolymerized and "p" to polymerized resin. The conversion profiles in the x-direction, perpendicular to the edge of the illuminated region, were measured by performing a line scan. The conversion profile beginning in the illuminated region and extending into the shadow region was characterized by taking measurements at 40 µm increments for distances up to 5,000 µm from the illuminated edge. The precision of the conversion measurements was generally ±3%. Confocal Raman spectroscopy was used to verify that the conversion was uniform across the thickness of the sample (the z-direction). This result is not surprising due to the relatively small thickness of this illuminated region. Therefore, only the line profiles in the x-direction, perpendicular to the edge of the illuminated region, will be considered in the remainder of this paper. Figure 4 contains plots of the conversion profiles in the x-direction, perpendicular to the edge of the illuminated region for three different photoinitiator systems: BP/MDEA, FL/MDEA, and EYss/MDEA. In this figure, the origin occurs at the illuminated edge; therefore negative values of the abscissa correspond to the illuminated region. The conversion in the illuminated region was relatively constant, therefore only the first 200 µm are shown in the figure. For all three initiator systems, the conversion in the illuminated region is above 70%. The figure illustrates that, as the scanned position moves away from the boundary (x = 0), the conversion decreases at a rate that depends upon the initiator system. For example, the conversion of the BP/MDEA system decreases to a value of zero in approximately 500 µm, while at 500 µm the FL/MDEA and EYss/MDEA systems exhibit conversions of 40% and 64%, respectively. The data in Figure 4 illustrate that the photoinitiator system has a marked effect on the observed degree of shadow cure and that the systems exhibit the following trend: BP/MDEA < FL/MDEA < EYss/MDEA. Note that, for the EYss/MDEA, even at the distance of 1,000 µm from the illuminated edge, the conversion is approximately 60%. The shadow cure in the masked region illustrated in Figure 4 could arise from a number of effects, including scattering of the incident light, reflection from the quartz cover slip at the bottom surface, or diffusion of active centers into the shadow region. The shadow cure observed for the BP/ MDEA system is likely to arise only from these effects since BP emits negligible fluorescence. For systems containing fluorescein or eosin Y spirit soluble, fluorescence light from the dyes may also enhance the shadow cure since dye molecules that absorb light in the illuminated region will fluoresce in all directions. Absorption of this fluorescent light by dye molecules in the shadow region may lead to active center generation. The dyes chosen for this study have potential for fluorescence-derived shadow cure since there is overlap between the absorbance and emission spectra. As mentioned in Section 2.1, the fluorescein absorbance and emission spectra overlap at wavelengths between 475 nm and 510 nm, and the eosin Y absorbance and emission spectra overlap at wavelengths between 500 nm and 550 nm. The shadow cure trends illustrated in Figure 4 are consistent with the hypothesis that fluorescent light from the dyes leads to active center generation in the shadow region. Benzophenone exhibits negligible fluorescence; therefore the profile obtained for the BP/MDEA system provides a "control" experiment to which the fluorescent systems can be compared. It is interesting that other fluorescence-free photoinitiators such as bis(2,4,6-trimethylbenzoyl)-phenylphosphine oxide and 1-hydroxy-cyclohexyl-phenyl-ketone yielded similar conversion profiles. For the FL/MDEA and EYss/MDEA systems, the total intensity of fluorescent light was calculated from first principles [29, 30] based upon the concentration of the dye, sample thickness, the intensity and spectrum of the incident light, the absorbance spectra of the respective dyes, and the fluorescence quantum yield. Note that the dyes exist primarily as associated dimers at the concentration used for the shadow cure experiments (1.15 × 10 3 M); therefore the molar absorptivity coefficients of the dimers must be used [23] [24] [25] . This calculation revealed that the fluorescent light generated by eosin Y was 7.8 times more intense than the fluorescent light generated by fluorescein. Despite the high fluorescence quantum yield of fluorescein (0.83 [29] ), the fluorescence emission into the shadow region for the FL/MDEA system is low compared to that of EYss/ MDEA due to the low molar absorption coefficient of fluorescein. Figure 5 illustrates the effect of the incident light intensity on the conversion profiles and the observed extent of shadow cure for three different photoinitiator systems: BP/MDEA, FL/MDEA, and EYss/MDEA. The figure illustrates that the extent of shadow cure for the system which does not contain a fluorescent dye (BP/MDEA, Figure 5 (a)) does not show any appreciable difference when the light intensity is increased. In contrast, the extent of shadow cure is significantly enhanced for the systems containing the fluorescent dyes (FL/MDEA and EYss/MDEA in Figures 5(b) and 5(c), resp.). In both cases, for the high light intensity (1.0 W/cm 2 ) the cure in the shadow region is nearly equivalent to that in the illuminated region. It is worth noting that oxygen inhibition is small in these systems because they are not exposed to the atmosphere, and the initially dissolved oxygen is consumed by MDEA active centers through a well-known cyclic reaction [31] . These results suggest that the increased incident light intensity leads to increased fluorescence intensity, thereby resulting in increased shadow cure for the systems containing the fluorescent dye.
Results and Discussion
Shadow Cure with Dye/Amine Photoinitiator Systems.
Shadow Cure with Dye/Amine/DPI Photoinitiator Systems.
A series of experiments was performed to investigate the effect of the addition of diphenyl iodonium chloride (DPI) on the shadow cure observed for systems containing MDEA and FL or EYss. Figure 6 contains the conversion profiles obtained for the two-component initiator systems (FL/ MDEA and EYss/MDEA) and the corresponding threecomponent photoinitiator systems (EYss/MDEA/DPI and FL/MDEA/DPI). The figure illustrates that the addition of DPI leads to a significant enhancement in the shadow cure observed for both dyes. In both cases, the shadow cure conversion in the shadow region exhibits a relatively high and uniform value for a distance of 1500 µm from the illuminated edge. For the three-component initiator systems, the conversion a few millimeters into the shadow region is nearly the same as that of the illuminated region.
To explain the effect of DPI on the observed degree of shadow cure, it is useful to consider the reaction mechanism which has been reported in the literature as shown in Figure 7 [17, 20] . In this photoinitiator system, the dye in its excited state may react with either MDEA or DPI in the parallel reactions shown in Figure 7 . As shown in Figure 7 (a), free radical active centers (D•) are produced by the electron transfer reaction from the MDEA (DH) to the excited state of the dye. As shown in Figure 7 (b), DPI oxidizes an excited dye molecule in a reaction that produces two active centers (an MDEA radical and a phenyl radical (Φ•)). Also, the DPI may oxidize nearly any radical species, such as an immobile radical that is trapped in the crosslinked polymer network to produce a mobile active phenyl radical. Finally, as shown in Figure 7 (b), the oxidized dye (DY + •) may be reduced by MDEA to regenerate the dyes-this would enhance the fluorescence effect and produce mobile initiating radicals. In addition, the DPI can enhance the number of effective active centers (free radicals capable of propagating) from the amine/dye reactions by irreversibly oxidizing the DY − • radical and thereby preventing the back-electron transfer reaction shown in Figure 7 (a). The reduced DPI will, in turn, dissociate to produce an active phenyl radical. This can be significant since the DY − • radical is generally not active for propagation. Therefore, the large impact of DPI on the observed extent of shadow cure likely arises from the effect of DPI increasing both the number of active centers and the mobility of the active centers.
Conclusions
The experimental results reported in this contribution demonstrate that shadow cure in free radical photopolymerizations of masked systems can be enhanced with the use of fluorescent additives in two-or three-component initiator systems. In this method, the absorption of light by the fluorescent additive leads to emission of fluorescent light at a longer wavelength in all directions, including into the shadow region. Enhanced shadow cure was observed if a fluorescent compound emitted fluorescent light at wavelengths absorbed by the dye in a two-component photoinitiator system as illustrated by the following shadow cure trend: BP/ MDEA < FL/MDEA < EYss/MDEA. The addition of DPI to the two-component systems containing MDEA and FL or EYss led to a significant enhancement in the observed shadow cure. This result was attributed to the fact that DPI will increase both the number of active centers and the mobility of the active centers as a result of the electron transfer reactions in which it participates. For example, DPI may oxidize an excited dye molecule in a reaction that produces two active centers; the oxidized dye may be reduced by MDEA to regenerate the dye (thereby enhancing the fluorescence), and DPI may oxidize immobile radicals that are trapped in the crosslinked polymer network to produce mobile active phenyl radicals.
